Abstract-This paper presents a board-level integrated silicon carbide (SiC) MOSFET power module for high temperature and high power density applications. Specifically, a silicon-oninsulator (SOI) based gate driver capable of operating at 200 °C ambient temperature is designed and fabricated. The sourcing and sinking current capability of the gate driver are tested under various ambient temperatures. Also, a 1200 V / 100 A SiC MOSFET phase-leg power module is developed utilizing high temperature packaging technologies. The static characteristics, switching performance, and short-circuit behavior of the fabricated power module are fully evaluated at different temperatures. Moreover, a buck converter prototype composed of the SOI gate driver and SiC power module is built for high temperature continuous operation. The converter is operated at different switching frequencies up to 100 kHz, with its junction temperature monitored by a thermo-sensitive electrical parameter (TSEP) and compared with thermal simulation results. The experimental results from the continuous operation demonstrate the high temperature capability of the power module at a junction temperature greater than 225 °C.
I. INTRODUCTION
The trend of electrification in transportation applications, like electric vehicles and more electric aircraft, brings severe challenges to future power electronic converters on both power devices and their gate drivers to operate in a high temperature environment with low weight and volume [1] . In terms of power devices, Si IGBTs are not suitable to be used in such conditions due to their limited junction temperature (<175 °C) and switching frequency limitation (usually several tens of kilohertz). From the gate driver point of view, a traditional silicon complementary metal oxide semiconductor (CMOS) based integrated circuit (IC) can only work reliably below 125 °C. The development of a high temperature integrated power module is quite challenging due to the lack of available materials and control electronics.
Featuring higher breakdown voltage, increased operating temperature, higher thermal conductivity, and lower switching and conduction loss, SiC devices are promising solutions to meet these challenges in transportation electrification [2] . Among the existing commercially available SiC devices, the SiC MOSFET is preferable for widely used voltage-source converters because of its normally-off feature and compatible gate drive design with Si devices.
Although low temperature SiC MOSFET power modules have recently become commercially available, high temperature SiC modules are still at the research stage, as reported in [3] - [6] . In [3] , a 1200 V, 60 A SiC MOSFET module with optimized internal layout for fast switching speed and low turn-off overvoltage is presented. The power module is successfully operated at 100 kHz, with a junction temperature of 200 °C. Two generations of SiC MOSFET-JBS diode based multi-chip power modules are reported in [4] and [5] for 200 °C and 20 kHz operation. Reference [6] presented a line of 250 °C half / full bridge SiC power modules, which can be configured as either a half or full bridge through external bussing, and constructed with SiC MOSFETs, JFETs, or BJTs. Moreover, there are also some research efforts on high temperature SiC JFET power modules based on different packaging techniques [7] - [9] . All of these power modules are able to operate at junction temperature above 200 °C employing high temperature packaging technologies. Their full potential, however, cannot be achieved without the presence of a high temperature gate driver (placed as close to the power module as possible for reduced volume, parasitic effect, fast switching speed, etc.) to operate them in high temperature environments.
In order to thoroughly exploit the high temperature capability of SiC power modules, researchers have focused on the integration of a high temperature gate drive with a SiC power module. In [10], a high temperature gate driver, composed of high temperature passive components and discrete silicon-on-insulator (SOI) active devices, is integrated into the power package and is rated for an ambient temperature of 250 °C. A similar integration technique has been applied to the design and development of a 4 kW three-phase high temperature SiC inverter [11] , which demonstrates the feasibility of the concept. However, the major limitation of this concept is that only the basic driving function, i.e. totem-pole output buffer, is implemented using discrete SOI active devices. Also, the overall size, volume, sourcing and sinking current capability (below 2 A), and switching frequency (targeted at 15 kHz) of the integrated power module are limited by the high temperature gate driver based on discrete passive and active devices. This paper presents a SiC MOSFET and SOI gate drive based integrated power module, with the goal of high temperature capability (up to 225 °C for power module, 200 °C ance R ds(on) mo he higher gate ) , but also easi ork, +20 V is s Fig. 9 , w , and 10 Ω ga e figure are th ource voltage o rature, the tur delay) and the c ease. In sharp s the opposite tive temperatur temperature c Ts at low gate c.
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B. Junction Temperature Measurement
The junction temperature should be monitored during converter operation. An infrared thermal camera is inappropriate considering that the power module is perpendicularly covered by its gate driver and the emissivity decreases with an increasing viewing angle. Moreover, uniform emissivity is difficult to achieved due to the encapsulation material of the power module. The widely used thermocouple needs mechanical access to the die during module fabrication, and can be only embedded on the substrate. The temperature difference from junction to the bottom pad of the die may induce fairly large measurement error.
In this study, a thermo-sensitive electrical parameter (TSEP) is proposed for the junction temperature measurement. Based on the switching characterization shown in Fig. 9 , the turn-on / off delay, current rising / falling time, and voltage falling / rising time are all functions of temperature. Among those candidates, the turn-off delay time t d(off) , defined as the time interval between the moment when the gate-source voltage falls to 90% of its initial value and the drain-source voltage rises to 10 % of the blocking voltage, is selected for the temperature measurement due to its high sensitivity and good linearity.
The relationship between the turn-off delay time t d(off) and the junction temperature T j should be determined through calibration prior to real application. The calibration circuit and continuous operation circuit are kept the same (except for different loads and heating methods) to avoid any hardware induced calibration error. Furthermore, the current and voltage probes are also the same. The turn-off delay time can be estimated as (1) where, R g is the gate resistance; C iss , V th and g m represent the input capacitance, threshold voltage and transcondutance of the SiC MOSFET, respectively; V cc and V ee are the positive and negative gate voltage level; I L is the load current. The gate resistance and gate voltage levels are constant values (R g = 10 Ω, V cc = 20 V and V ee = -2 V), while the others are DC bus voltage, load current and/or junction temperature dependent variables. In order to simplify the calibration efforts, the DC bus voltage is set to 600 V for both calibration circuit and continuous operation circuit. The calibration process is carried out under different temperature points (25 °C, 75 °C, 125 °C, 175 °C, 225 °C) 
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